To assess the relationship between the direction of ST segment response to transient coronary occlusion and collateral function, we studied 25 patients with diagnostic ST segment changes during transient occlusion of the proximal left anterior descending artery (LAD). Electrocardiographic leads I, II, V2, and V5; left ventricular filling, aortic, and distal coronary pressures; and great cardiac vein flow were measured during percutaneous transluminal coronary angioplasty (PTCA) of the LAD. During a 1 min LAD balloon occlusion, 16 patients had reversible ST elevation (group I) and nine patients had ST depression (group II). The ST responses in individual patients were consistent during repeated occlusions, and ST depression never preceded ST elevation. Angiography before PTCA showed less severe LAD stenosis in group I (69 ± 15%) than in group 11 (88 ± 10%; p < .01) and collateral filling of the LAD in no group I patient but in six of nine patients in group II (p < .00 1). During LAD occlusion, determinants of myocardial oxygen demand (left ventricular filling pressure, aortic pressure, heart rate, and double product) were similar in both groups. Group I patients, however, had lower distal coronary pressure (25 ± 8 vs 41 ± 16 mm Hg) and residual great cardiac vein flow (33 + 14 vs 51 ± 22 ml/min) and higher coronary collateral resistance (3.1 ± 2.1 vs 1.5 ± 0.8 mm Hg/ml/min) than group II patients (all p < .05). In patients with ST elevation during LAD occlusion, stenosis before PTCA was less severe, visible collaterals were not present, and hemodynamic variables during LAD occlusion reflected poorer collateral function. Collateral function is an important determinant of the direction of ST segment response to ischemia during acute coronary occlusion. Circulation 74, No. 5, 973-979, 1986. 
THE ELECTROCARDIOGRAPHIC ST segment response to acute ischemia has received much attention in the evaluation of ischemic heart disease syndromes. Reversible ST segment elevation has been considered to reflect transient transmural ischemia and ST segment depression to reflect subendocardial or nontransmural ischemia. 1 In this respect, ST segment elevation is also thought to indicate more severe and extensive ischemia.2A New ST segment elevation during ischemic chest pain is usually accompanied by acute total coronary occlusion and occurs in patients with the clinical syndromes of variant angina or evolving acute myocardial infarction. In contrast, ST segment depres-sion is usually seen in the clinical setting of exerciseinduced ischemia or ischemia at rest associated with angiographic evidence of fixed or reversible severe, but not total, coronary occlusion.-7 Patients with extensive, angiographically visible collaterals may have only ST segment depression during total coronary occlusion.5 81 9 Early recruitment of collaterals has been documented in patients with coronary spasm8'and during coronary occlusion occurring in the course of percutaneous transluminal coronary angioplasty (PTCA). '2-14 In experimental myocardial infarction, electrogram recording over the central area of acute injury shows ST segment elevation, whereas border zones show ST depression.2,3 This has been explained by the greater transmural extent of ischemia in the central zone.
Despite all of the attention directed toward the ST segment, no study in human subjects has tried specifically to relate the pattern of ST response during acute coronary occlusion to coronary hemodynamics. In patients undergoing PTCA for single-vessel coronary disease of the left anterior descending artery (LAD), we routinely attempt to measure electrocardiographic responses and coronary hemodynamic function during transient balloon occlusion of the artery. From a group of 60 patients studied in such a manner, 25 were identified who had angina and important ST segment changes during coronary occlusion. To determine whether there were any predictors of direction of ST segment shift we analyzed the coronary angiograms and coronary hemodynamics in these patients.
Methods
Patients. We studied 25 patients ( mitted for up to 6 hr before study. All patients received 325 mg of aspirin orally before PTCA and 10,000 U of heparin intraarterially at the beginning of the procedure. No intravenous or intracoronary nitroglycerin was administered until after the research portion of the procedure was complete. The study was approved by the appropriate institutional review committees, and all patients gave written informed consent. Angioplasty procedure. We performed PTCA in the LAD in the usual manner. [15] [16] [17] Briefly, a No. 8F (FL4 or FL4G) guide catheter was positioned in the ascending aorta. An appropriately sized "steerable" balloon dilation catheter (USCI, 2.5 to 3.5 mm diameter, 25 mm length) was positioned through the guide catheter across the LAD stenosis so that when inflated the balloon also obstructed any branches proximal to the stenosis. This was confirmed angiographically. From the right femoral vein a catheter was positioned in the pulmonary artery and advanced to the wedge position to measure left ventricular filling pressure. From the right or left antecubital vein, a multithermistor catheter was positioned in the coronary sinus to measure regional coronary venous flow (thermodilution). The distal thermistor was positioned in the great cardiac vein close to its juncture with the anterior interventricular vein.
Before beginning the PTCA procedure, we obtained initial pressure and temperature signal recordings to assess both initial hemodynamics and signal stability. When initially positioned across the LAD stenosis, the balloon catheter often obstructed coronary blood flow sufficiently to produce signs or symptoms of ischemia. In all cases, several balloon inflations were performed to decrease the transstenotic pressure gradient and allow all evidence of acute ischemia to resolve. Measurements were made after all variables had returned to baseline (± 10%) for at least 5 min.
Experimental period. Recordings were made of aortic, distal coronary, and left ventricular filling pressures; electrocardio-974 graphic leads I, II, V2, and V5; and great cardiac vein and indicator temperature signals. On stabilization of these values (-+ 5%), the balloon was inflated at low pressure (3 to 4 atmospheres), totally occluding the LAD and preventing antegrade flow to the anterior left ventricular region. Balloon inflation was maintained until angina or important electrocardiographic changes occurred. A minimum of two recordings, each separated by an ischemia-free interval of at least 5 min, were performed in each patient. Patient position was kept constant to prevent artifactual changes in the electrocardiogram or pressures. All pressures and electrocardiographic and flow values were averaged for at least 10 beats. Mean pressures were obtained by electronic filtration. Great cardiac vein blood flow was calculated as described elsewhere. 18, 19 An index of coronary collateral resistance was calculated as the ratio of the difference between mean aortic and distal coronary pressures and great cardiac vein blood flow. 16, 17, 20 ST segment analysis. ST segment shifts from baseline were measured by hand-held calipers. New ST elevation or depression of 1 mm or greater, measured 80 msec after the J point, was considered important. Leads I, V2, and V5 were considered to represent the anterior left ventricular region. In some cases ST elevation in lead I, V2, or V5, or all three, was associated with ST depression in lead II. For the purpose of this study, these patients were assigned to the group with ST segment elevation.
Angiography. Coronary and left ventricular angiographic studies were performed in the usual fashion within several weeks of PTCA. Analysis of left ventricular wall motion and ejection fraction were obtained from the 30 degree right anterior oblique projection. Coronary angiography was performed in multiple views with and without preadministration of nitroglycerin. Severity of stenosis was measured in the following manner. The single angiographic view showing the stenosis with its most severe narrowing was selected. The angiogram was projected at fourfold to fivefold magnification (GE CAP-35 B angiogram projection system) and manually traced. Normal coronary and stenosis diameter were then measured with calipers and ruler by an observer blinded to other study results and percent diameter reduction was calculated.
Presence or absence of collateral filling of the LAD was assessed from angiograms obtained during contrast injection of the right coronary artery performed before the PTCA procedure. Collaterals were considered present only when at least a portion of the main trunk of the LAD was visualized. No attempt was made to assess angiographic presence of collateral filling of the from 10 of 16 patients) and group II (five of nine patients) (66 + 26 vs 77 + 19 ml/min; p = NS). After the balloon catheter was placed across the LAD stenosis and several balloon inflations were performed to decrease the balloon-stenosis coronary obstruction, great cardiac vein flow was often greater than in initial pre-PTCA measurements and was again similar in both groups (75 ± 39 ml/min in group I and 80 ± 20 ml/min in group II; p = NS). Other hemodynamic values (data not presented) were similar at the beginning of the procedure and immediately before LAD balloon occlusion in both groups. Hemodynamic values obtained during repeated occlusions in each patient were similar (± 10%). Individual hemodynamic data and corresponding electrocardiographic data are shown in table 2. Mean values of all hemodynamic variables are in table 3. There were no differences between groups in hemodynamic indexes of oxygen demand: heart rate, mean aortic pressure, double product, or left ventricular filling pressure. However, distal coronary pressure, residual great cardiac vein flow, and the calculated coronary collateral resistance differed significantly between the groups. Group I patients had lower distal coronary pressure (25 ± 8 vs 41 ± 16 mm Hg; p < .05) and residual great cardiac vein flow (33 ± 14 vs 51 ± 22 ml/min; p < .05) and had higher calculated coronary collateral resistance (3.1 ± 2.1 vs 1.5 ± 0.8 mm Hg/ml/min; p < .05). The separation of these data points between group I (ST elevation) and group II (ST depression) is illustrated in figure 1.
Discussion
Our results suggest that there are important angiographic and coronary hemodynamic differences between patients with reversible ST segment elevation and those with ST segment depression during acute LAD occlusion. It is generally held that ST elevation during acute coronary occlusion represents more severe ischemia than does ST depression. The direction of ST segment response observed in our patients appeared to be related only to the angiographic observations obtained before LAD occlusion and coronary hemodynamic data obtained during LAD occlusion. Indexes of myocardial oxygen demand obtained during LAD occlusion did not seem important determinants of direction of ST segment shift.
During acute coronary occlusion in either the clinical settings of acute myocardial infarction or reversible coronary occlusion in resting angina syndromes and in experimental preparations of coronary occlusion, determinants of the magnitude of resulting ischemia are myocardial oxygen demand and collateral blood flow to the jeopardized region. In our two groups of patients there were no differences during LAD occlusion in hemodynamic indexes of myocardial oxygen demand (heart rate, aortic pressure, double product, and left ventricular filling pressure). Before PTCA, the left ventricular ejection fraction was not different in the two groups and anterior region wall motion was normal or nearly normal in all patients. It is therefore reasonable to conclude that myocardial oxygen demand for the two groups was similar. Both before and during PTCA, antegrade coronary flow across the coronary stenosis or balloon-stenosis coronary obstruction, respectively, were similar in both groups. Thus the only hemodynamic indexes that differed during LAD occlusion comparing the two groups were collateral flow and pressure to the jeopardized myocardial region. 976 Previous angiographic studies during PTCA have evaluated both preexisting collateral vessels, i.e., visualized at angiography before acute coronary occlusion, and recruitable collaterals, i.e., visible only during acute coronary occlusion. 12-14. 21 Both types of collateral vessels have been found to be prevalent in patients with more severe coronary stenosis. In this study, patients with ST depression during acute LAD occlusion had more severe coronary stenosis before PTCA than did those with ST elevation. As expected, they had a significantly greater prevalence of preexisting visible collateral vessels (6/9 patients vs 0/16 patients) and would also be expected to have had a greater prevalence of recruitable collateral vessels. However, since angiography was not performed during LAD occlusion in our patients, collateral recruitment cannot be proved.
During LAD occlusion, coronary hemodynamic in- dexes of coronary collateral function were better in patients with reversible ST segment depression. In the group of patients with ST segment depression during occlusion residual great cardiac vein flow was significantly higher. We consider residual great cardiac vein blood flow during proximal LAD occlusion to reflect collateral arterial flow to the anterior left ventricular region. The separation of the two patient groups by residual great cardiac vein flow was paralleled by important differences in other hemodynamic indexes of collateral perfusion. Distal coronary pressure during occlusion, an index of collateral arterial perfusion pressure, was higher and calculated coronary collateral resistance was lower in patients with only ST segment depression. 22' 23 In all patients, collateral flow and pressure values were consistent throughout the duration of LAD occlusion and with repeated occlusions. In addition, ST segment response was consistent and ST elevation was never preceded by ST depression or vice versa. ST elevation was occasionally preceded by T wave peaking, whereas ST depression was not. Evidence from animal experiments indicates that ST elevation represents more severe ischemia than does ST depression.2'3 It remains unclear why ST depression never evolved to ST elevation as the duration of ischemia increased with continued LAD occlusion. Our observations support the concept that the direction of the ST segment response reflecting the left ventricular region rendered ischemic by acute coronary occlusion is an "all-or-nothing" phenomenon. We have observed, however, that the magnitude of ST shift (millimeter deflection) can increase in the first 1 to 2 min of occlusion; hence, it is only the direction of shift that is constant. The electrophysiologic explanation for these observations was not apparent.
The results of this study of acute coronary occlusion and elevation in lead V5 or vice versa. In addition, many of our patients who could have been entered into this study were excluded because they had no diagnostic ST segment changes in leads I, V2, or V5 during LAD occlusion. In many of these patients, excellent collateral visualization was noted on angiograms obtained before PTCA. Because the purpose of this study was to analyze differences between patients with ST elevation and those with ST depression, patients without important diagnostic ST segment shifts were excluded. We may have excluded a group of patients in whom collateral function was so well developed that no detectable ischemia occurred during coronary occlusion. Second, if we had chosen to quantitate the magnitude of ischemia further, a more extensive electrocardiographic system such as precordial mapping might have been helpful. Third, although the regional thermodilution technique for measuring coronary blood flow, and in particular, residual great cardiac vein flow as an index of collateral blood flow has previously been reported, 16 17 we cannot exclude that a small amount of circumflex arterial supply may have drained into the proximal great cardiac vein. Although this could cause erroneously high estimates of anterior region collateral flow, it should not have altered the relative flow differences observed between the two patient groups. As can be seen in figure 1 , there is overlap between individual points for residual great cardiac vein flow values. However, prior reports have shown that measurement of great cardiac vein flow at rest does not usually separate patients with normal coronary arteriograms from those with single or even multivessel coronary artery disease. '9 In fact, in the two patient groups in this study, there was no difference in great cardiac vein flow measured before beginning PTCA or with the balloon catheter across the stenosis but deflated. Despite the usual lack of separation by resting great cardiac vein flow measurements when comparing other patient groups, good separation of patients with ST elevation from those with ST depression was achieved with residual great cardiac vein flow. Although we did not find important differences in indexes of myocardial oxygen demand between the two groups, the overlap of the coronary hemodynamic indexes suggests that there are other determinants of the ST segment response. Fourth, assessment of anterior left ventricular wall motion during LAD occlusion might have shown additional differences between patients with reversible ST segment elevation and those with ST depression. The sequence of wall motion change caused by coronary occlusion during PTCA has previously been described, but the relationship of 978 changes in wall motion to direction of ST segment shift has not been carefully addressed.25-28 The echocardiographic analysis of wall motion by Alam et al. 28 does support the concept that collaterals are protective in that the only two patients who did not have either ST elevation or wall motion changes during coronary occlusion had excellent collaterals. Finally, some authors have graded coronary collateral filling by angiographic criteria.,3' 21 Since filling of vessels by collaterals can vary considerably between repeated contrast injections, we chose not to grade collateral filling beyond present and absent. No patient in whom collaterals were reported to be absent had even faint filling of only septal branches of the LAD.
In summary, this study demonstrates that reversible ST segment elevation during acute LAD coronary occlusion is related to inadequate collateral arterial function. In patients with reversible ST segment depression, coronary collateral function appears to be better and, as a consequence, less ischemia results.
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